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The Tribological Role of Energy Efficiency 
Within Society
By Matthew T. Siniawski *
tribology - tri.bol.o.gy, n the science of the mechanisms 
of friction, lubrication and wear of interacting surfaces 
that are in relative motion.
Introduction
Humankind has always relied upon tribological knowl-
edge to help address and solve current issues and problems 
that each individual society and civilization has faced. The 
tribological knowledge that arises during specific historical 
times is typically problematic based. Problems and issues 
exist and direct practical solutions arise after the necessary 
contemplation, study and research. The majority of these 
problems arise as the result of seeking increased energy ef-
ficiency. Efficiency is the ratio, expressed as a percentage, 
of the output to the input of power (energy or work per unit 
time) [1]. Therefore, energy efficiency gives an indication of 
the losses, which are negative forms of energy transforma-
tion that occur during a process. Increased energy efficiency 
results in economic benefits, decreases in material waste, 
prolonged component life, etc. For this reason, efficiency 
has been the target of much needed component and system 
design analysis. Therefore, the field of tribology deals both 
directly and indirectly with increasing energy efficiency.
Tribology has evolved into a sophisticated scientific 
field, with significant contributions for increasing energy 
efficiency ranging from surface engineering and materials 
research to lubrication improvements and complex system 
simulations. Significant improvements in decreasing fric-
tion and wear have directly resulted in decreased economic 
losses and improved energy efficiency. However, with the 
alarming forecasts of future energy consumption rates, sig-
nificant tribological improvements are necessary for future 
environmental stewardship and increasing energy efficiency. 
The major areas where tribology can increase future energy 
efficiency are the transportation sector, energy production 
technologies, implementing life cycle analyses and the pro-
motion of recycling.
Historical Improvements
One of the first recorded examples of the implementa-
tion of tribological solutions to an energy efficiency problem 
involved ancient Egypt (c. 1880 B.C.). The major issue in-
volved transporting a gigantic mass over a specific distance 
using a given amount of energy, as illustrated in Figure 1. In 
order to move the mass, a lubricant decreased the effective 
friction, thereby substantially increasing the efficiency of the 
entire process. Although the simple addition of a lubricant 
was rudimentary in comparison with current technological 
knowledge, this solution was highly effective, practical and 
simple. 
Figure 1
Transporting an Egyptian Colossus- From the Tomb of 
Tehuti-Hetep, El Bersheh [1]
As civilization advanced technologically, the complex-
ity of specific problems and issues increased. Therefore, the 
energy efficiency related technology likewise became more 
complex. During the agricultural revolution, carts and vehi-
cles in ancient China (c. 300 B.C.) utilized metallic bearings 
with lubricants and leather seals to prolong the component 
life and decrease friction and wear [2]. In addition, olive-
crushing mills in ancient Greece (c. 400 B.C.) employed 
iron bearings to increase efficiency. One other technological 
advance involved using studded or rimed wooden wheels in 
order to decrease wheel wear during the Middle Ages. During 
the Renaissance period, researchers such as Leonardo da Vin-
ci developed the first early tribological theories. During this 
period, many tribological improvements arose, including the 
use of gears, roller bearings and pulleys. With the beginning 
of the industrial revolution, the applications of tribological 
solutions increased substantially along with early scientific 
tribological studies. 
The industrial revolution resulted in more complex bear-
ing and steel shaft systems, cam-driven systems and more 
complicated lubrication uses. In addition, the rapid evolu-
tion of the steam power generation system greatly increased 
the complexity of the tribological field. Thomas Newcomen 
created the first atmospheric steam engine in 1712 for the 
purpose of draining a coal-mine [2]. This engine had a ther-
mal efficiency of only about 0.5%. Throughout the industrial 
revolution, improvements in cylinder-boring techniques and 
better piston sealing increased the thermal efficiency of the 
steam engine to 17% by 1834. 
Water-mills have provided power for over 2,000 years 
and supplied an especially valuable source of power to sup-
port the industrial revolution. Although windmills primarily 
provided power for agricultural purposes, such as grinding 
corn, water-wheels provided most of the industrial power. 
The efficiency of water-mills increased as the result of ad-
vances in bearing technology and materials selection. Around 
the late 1750s, John Smeaton reported maximum overall ef-
ficiency of undershot wheels of about 22% and of overshot 
wheels, 63% with the incorporation of cast-iron wheels re-
placing wooden wheels and the use of cast-iron shafts. 
Windmills followed the water-mill as a source of me-
chanical power and provided a flexible energy alternative on 
sites remote from flowing water sources. The first reported 
windmill existed in Normandy nearly 800 years ago [2]. 
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17 trillion barrels of oil [10]. The future projections of energy 
consumption rates are even more disheartening. According to 
a 2004 projection, total world consumption of marketed en-
ergy is expected to expand by 54%, from 404 quadrillion Btu 
in 2001 to 623 quadrillion Btu in 2025 [11]. Although these 
energy consumption numbers are relatively large, the amount 
of energy that is wasted is even more disturbing. 
Significant energy losses occur in the residential, com-
mercial and industrial sectors. The amount of energy lost dur-
ing the generation, transmission and distribution of energy 
for residential and commercial use is substantial. Energy loss 
statistics for industrial energy consumption are similarly dis-
turbing. The energy losses for industrial use exceeded the to-
tal consumption of petroleum during 2000. These significant 
increases in energy losses are a direct indication of the failure 
to increase global energy efficiency. 
Increased energy losses result in increased environ-
mental pollution and decreases in natural resources. Carbon 
dioxide (CO2) accounts for the largest share of combined an-
thropogenic greenhouse gas emissions. According to a find-
ing by the Energy Information Administration, the 1999 U.S. 
anthropogenic CO2 emissions totaled about 5.6 billion metric 
tons, 17% higher than in 1980 and 28% higher than in 1983 
[12]. A startling fact is that nearly 99% of this total was en-
ergy-related emissions, especially from petroleum consumed 
by the transportation sector, coal burned by electric utilities, 
and natural gas used by industry, homes, and businesses 
[12]. Furthermore, the projected trend of emissions does not 
look hopeful. Increases in emissions strongly correlate with 
decreases in natural resources. A recent study by the World 
Wildlife Federation found that humanity’s ecological foot-
print grew to exceed the Earth’s biological capacity by 20% 
from 1970 to 2000, indicating that humanity is currently us-
ing 20% more resources than the Earth can replenish [13]. 
Future Directions
The American Society of Mechanical Engineers (ASME) 
presented an excellent strategy for increasing energy conser-
vation, specifically through tribology, back in 1977. The ob-
jectives of this study were threefold: 1) to assess the possible 
impact of tribological innovations on energy conservation 
and on the promotion of advanced energy technologies; 2) 
to identify those areas where the application of existing or 
new tribological knowledge is expected to yield substantial 
benefits, whether direct or indirect; and 3) to recommend a 
research and development plan in the tribological sciences 
for possible implementation by government agencies and 
industry [14]. The principal areas considered by the strategy 
include rolling element and fluid film bearings, continuously 
variable power transmission, sealing technology, friction 
and wear mitigation, automotive engines, metal processing 
and advanced energy technologies. Table 1 shows a detailed 
summary of the potential savings of each of these items. The 
study also defined the benefit ratio of improving each of these 
areas as
Benefit Ratio =  1 .    Savings  
10  R&D cost
Similar to water-mills, improvements in materials selection 
and bearing design greatly improved the overall efficiency of 
windmills. However, the power losses from early windmill 
designs were considerable. Although the theoretical aerody-
namic efficiency of windmills can only achieve a maximum 
value of 59% known as the Betz limit, the overall efficiency 
rarely exceeded 10% and was generally nearer to 5%. Im-
mediately after the Second World War, Dutch engineers 
demonstrated that a significant improvement resulted by giv-
ing special attention to the aerodynamic performance of the 
sails and by using more efficient bearing systems [2]. Current 
wind turbine systems have efficiencies in the 40-50% range 
[3], which illustrates a significant improvement in windmill 
efficiency.   
Many recent efficiency improvements have resulted 
from intensive tribological research. The majority of these 
efficiency improvements are specifically for automotive 
transportation. For example, recent tribological improve-
ments in bearing design led to fuel efficient pinion bearings 
providing up to 2% better fuel economy in a vehicle and 
resulting in more than a 30% reduction in power consump-
tion over conventional bearings [4]. In addition, at the 1997 
24th annual Leeds-Lyon Symposium entitled “Tribology for 
Energy Conservation,” Bartz presented recent information 
regarding fuel economy improvement by engine and gear oils 
[5]. Kamada et al. also reported fuel economy improvements 
of a passenger car equipped with an automatic transmission 
[6]. In addition to overall efficiency improvements in the 
automotive sector, one specific method of improving energy 
efficiency involves surface engineering of components. For 
example, Dearnley and Weiss presented specific methods of 
energy conservation through surface engineering [7], while 
Jones presented methods of energy conservation through 
extended component life [8]. 
Throughout the historical evolution of tribology, the 
main emphasis has been increasing energy efficiency. Initial-
ly, the main reason for increasing efficiency was to decrease 
required power input. More recently, however, an increased 
awareness of depleting natural resources and concerns of 
environmental impacts of design decisions have become 
important as well. Future projections of energy consump-
tion and waste statistics indicate the necessity of increasing 
energy efficiency. 
Current Energy Trends
Rapid increases in worldwide energy consumption and 
losses, along with increasing negative environmental effects, 
mean that increasing energy efficiency is now more impor-
tant than ever. Global energy consumption has rapidly in-
creased to unprecedented numbers over the past few hundred 
years. The energy consumption of the United States alone 
has increased by well over 100% in just the past 200 years. 
According to the Energy Information Administration, the 
U.S. alone, which is the largest consumer of worldwide en-
ergy, consumed about 98.16 quadrillion Btu (British Thermal 
Unit) of energy in 2003 [9], which is roughly equivalent to 
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Table 1
Potential Savings for Various Tribological Areas
(% of U.S. Total Energy Consumption)
Table 2
Overview of Major Tribological Programs for Increasing 
Efficiency [14]
Table 2 presents an overview of the potential energy 
savings and the benefit ratio of the various program areas. 
Relatively large benefits exist with industrial machinery and 
processes and road transportation for increasing energy ef-
ficiency. Although this strategy was developed over 25 years 
ago, it represented the most appropriate and beneficial areas 
of tribology for increasing efficiency at that time. Since then, 
countless studies focused on materials research specifically 
for industrial machinery and processes. In addition, many au-
tomobiles now incorporate continuous variable transmissions 
for improving vehicle efficiency. The question thus remains: 
where does the field of tribology go from here?
Spikes recently discussed some future challenges to the 
tribological community regarding energy efficient technolo-
gies [15]. One area involved developing low friction compo-
nents. In particular to energy efficiency technologies, tribo-
logical issues regarding traction drives and high temperature 
engines are important. In addition, improvements of rolling 




   Savings
Automotive Vehicle  7.4
  Traction CVT 4.5
  Low Viscosity Oils with Additives 1.8
  Advanced Adiabatic Diesel 3.0  
Wear and Metal Processing  2.8
  Wear 1.3
  Metal Processing 2.2 
Bearings and Seals  0.7 
  Bearings in Gas Turbines 0.4
  Bearings in Steam Turbines 0.1
  Sealing in Gas Turbines 0.1
  Sealing in Steam Turbines 0.1 
that for realistically optimizing the energy efficiency of com-
plex systems, complete simulations of engines, transmissions 
and other lubricated systems over their entire service life is 
necessary. These excellent suggestions, which closely coin-
cide with the suggestions by the ASME [14], involve some 
very specific tribological solutions to increasing energy effi-
ciency. More generalized areas where tribology can increase 
future energy efficiency include the transportation sector, en-
ergy generation, materials related research, the incorporation 
of life cycle analyses and increasing recycling.
Transportation Sector
The transportation sector is one area where great poten-
tial for increasing efficiency exists, as it is the second largest 
consumer of energy in the U.S., consuming 27% of all energy 
in 2003, as illustrated in Figure 2 [9]. A 1990 study by the 
World Resources Institute looked at motor vehicle trends 
and their implications for global warming and energy strate-
gies [16]. This study recommended four much needed major 
improvements in the transportation sector. The first recom-
mendation involves improving new-vehicle fuel efficiency. 
The first step is to develop a better system to measure vehicle 
efficiency. Currently, mpg (miles per gallon) ratings measure 
the performance of transportation systems within the U.S. 
However, these ratings are under ideal conditions and are, 
therefore, highly misleading. A new efficiency rating system, 
along with a separate efficiency rating for the engine system, 
needs to be developed. Such a system would provide the pub-
lic with more accurate knowledge of vehicle efficiency.  
Tribological issues regarding alternative fuels, including 
liquid hydrogen fuel and bio-based fuels, such as ethanol and 
bio-diesel, need immediate examination. The tribological 
performance of these various fuels is highly important for im-
proving the efficiency of alternative fuel vehicles. In particu-
lar, the incorporation of lubricant additives into alternative 
fuels needs investigation. Although there are many existing 
hurdles that prevent the widespread transition away from pe-
troleum usage in the transportation sector, more tribological 
research using alternative fuels needs examination.   
                     Potential Energy Savings
 % U.S.  Billions of Estimated
 Consumption 1976 R&D Cost
Program Area  Dollars   Millions of   Benefit
  Per Year 1976 Ratio
   Dollars 
Road  7.4 11.0 12.6 87
Transportation
Power  0.2 0.3 2.1 14
Generation
Turbomachinery 0.5 0.75 5.2 14
Industrial 2.8 4.2 3.7 113 
Machinery and 
Processes 
Total 10.9 16.25 23.6  
Figure 2
Breakdown of Consumption of U.S. Energy by Sector
End-Use Shares, 2003
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Energy Production
According to Dowson, advanced forms of windmill 
structures tend to hold the greatest tribological interest [2]. 
As previously mentioned, current wind turbine systems have 
efficiencies near 40-50% [3]. The area of tribology has the 
greatest potential to bring these efficiencies levels closer to 
the maximum level of 59%. Increasing the energy output ca-
pacity of wind turbine systems will decrease the usage of fos-
sil fuel resources for energy production. Although efficiency 
changes from 40-50% to near 59% seem quite small for each 
turbine system, the overall increase in global wind energy 
production could increase wind energy production substan-
tially. At the beginning of 2004, the total global wind energy 
capacity was 39,434 Megawatts (MW) [17]. Assuming a total 
efficiency of 50%, an increase in efficiency to 59% would 
increase the global capacity by over 7000 MW. This increase 
is approximately equivalent to the total existing capacity of 
North America (6678 MW at the beginning of 2004), which 
is the second largest wind energy producer in the world, sur-
passed only by all of Europe combined. Therefore, doubling 
the North American wind energy capacity through such an 
efficiency increase would provide a decrease on the depen-
dence of fossil fuels by nearly 2 million equivalent barrels 
of oil annually. Therefore, the tribological issues related to 
increasing wind turbine efficiency need addressing. Some of 
these areas might include improved gear and bearing perfor-
mance, as well as better maintenance and condition monitor-
ing. Possible solutions include implementing ultra-low fric-
tion coatings and highly efficient lubricants. 
Materials Research
Materials research and processing improvements both 
pose great potential for increasing efficiency. One particular 
area is decreasing friction and material wear through im-
proved design of materials and coatings that exhibit ultra-low 
friction and wear properties. Utilizing materials and coatings 
with very low frictional coefficients could increase efficiency 
drastically. In addition, such materials could decrease the 
necessity of lubricants, which is another added benefit. In 
addition to materials research for specific high efficiency ap-
plications, the manufacturing process of such materials also 
is of great potential. 
The efficiency of manufacturing processes varies widely, 
depending on the particular process, frictional conditions, die 
geometry and other process parameters, with typical values 
of 30-60% for extrusion and 75-95% for rolling [18]. There 
are many tribological issues involved in machining and these 
should be addressed to increase overall efficiency. Beynon 
recently presented the impact of tribological issues on en-
ergy conservation in metal forming operations [19]. The 
direct impact of tribology on issues such as reducing heating 
costs, simplifying overall processes and improving yields 
is not dominant, but the direct impact of tribological issues 
of energy conservation measures is very important. Metal 
working tribology, particularly for elevated temperatures, 
has tremendous scope for research and great potential for 
efficiency benefits.
One other materials related area which has great poten-
tial for increasing energy efficiency is component condition 
monitoring. Condition monitoring increases efficiency by de-
creasing catastrophic failure that leads to increased costs in 
repair and machine downtime. Rajan and Roylance recently 
developed a mathematical model for predicting the cost of 
repairs for batch process machinery [20]. Such a program 
determines the associated cost benefits of practicing a condi-
tion-based maintenance program. Implementing such models 
into many tribological processes could determine the direct 
economic benefits and overall efficiency gains of condition 
monitoring. Such an analysis is one aspect now needed from 
tribologists looking at the larger impacts and benefits of dif-
ferent designs.
Life Cycle Analyses
The most common and widely used paradigm of design 
does not consider the entire scope of the impact of the prod-
uct. According to activist David Suzuki, the producer of a 
product – any product – usually has no obligation to antici-
pate its total cost, including eventual disposal, yet that should 
be built into the initial costing [21]. Therefore, as available 
resources are rapidly decreasing and environmental effects 
such as pollution are now a major concern, design for the 
environment has become a focus. Life cycle analyses assess 
the full environmental implications of a product and of its 
benefit to society. Figure 3 shows the parameters of a typical 
life cycle analysis, including material input sources, energy 
conversion and materials processing for creation of a usable 
product and analysis of waste energy and losses. In terms of 
the tribological field, life cycle approaches provide broader 
insight of the effects of increasing energy efficiency through 
tribological improvements. Therefore, life cycle analyses 
convey a larger picture of the importance of tribological im-
provements for increasing energy efficiency. A recent study 
by Clift introduces how a life-cycle approach can identify 
the potential significance of developments in tribology [22]. 
Tribological improvements of many of the areas shown in 
Figure 3 will significantly increase the overall efficiency of 
any given product. However, Clift concluded that extending 
service life, facilitating disassembly and reuse of materials 
possibly play more important roles in terms of increasing ef-
ficiency than improving lubrication and decreasing friction. 
Therefore, future tribological goals also need to specifically 
address the issues of maximizing service life and reusing 
materials. 
A recent study by Taylor, et al. investigated the long-
term benefits of using highly efficient lubricants through a 
life-cycle analysis [23]. The authors suggested that rather 
than just concentrating on the initial purchase price of the 
lubricant, the customer should also consider the life-cycle 
cost of the product. This life-cycle cost takes into account the 
initial purchase price of the product, the effect on operating 
costs over the lifetime of the product, maintenance costs and 
finally disposal costs. For a heavy duty truck, a 3% overall 
improvement in fuel consumption resulted from using fuel 
efficient engine oil, gear oil and axle grease. This study rep-
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resents the benefits of incorporating life-cycle analyses into 
all future tribological studies.  
Recycling
The frequency, ease and economic incentives of reus-
ing materials need to be increased. Recycling used oil is 
expensive and there is little incentive to do so when the price 
of refined crude oil is relatively more inexpensive. Accord-
ing to Suzuki, part of the problem is psychological – North 
Americans believe that re-refined oil is lower quality than 
virgin oil. Yet a study by the National Research Council of 
Canada showed that re-refined oil is as good as or even bet-
ter than the refined [21]. In addition, Suzuki points out that 
another major part of the problem for re-refiners is political 
– all the tax incentives and subsidies go to the discovery and 
exploitation of crude oil. There are no economic incentive 
programs for the re-refiners where there should be every 
encouragement to conserve through recycling and to protect 
the environment [21]. This presents a major downfall and 
hurdle for the lubrication industry, which requires the direct 
cooperation of both governmental agencies and corporations 
alike. The government needs to take responsibility for pro-
moting such incentives and the lubrication industry needs 
to demand such incentives. The lubrication industry needs 
to take the initiative and force the government to promote 
such measures, while tribologists need to promote the safety 
of using re-refined oil products and should incorporate these 
products whenever possible. 
Conclusions
Tribology has always faced societal issues with the aim 
at increasing energy efficiency. Tribologists can play a key 
role in managing and hopefully solving the multitude of 
current societal issues such as global climate change, de-
pendence on fossil fuels and diminishing natural resources 
through increasing energy efficiency. The areas that prove the 
most potential in increasing efficiency are:
1. Transportation related issues,
2. Wind energy production,
3. Life cycle analyses, and
4. Recycling. 
In addition to tribological improvements in these various 
areas, the establishment of a regular feedback system is es-
sential. Such feedback allows the field of tribology to exam-
ine its progress towards energy efficiency, identify the areas 
that need additional improvements as well as new emerging 
areas that pose great benefits. Such a system also provides 
the field of tribology with a specific roadmap of future energy 
efficient goals. Frequent re-evaluation of these goals allows 
tribologists to identify their exact roles in establishing an en-
ergy efficient future.
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Novorossiysk in terms of throughput. But it reinforces ex-
port dependence on Europe as well as on tanker shipments. 
Meanwhile, the bottlenecks at Transneft have begun to cas-
cade to GDP growth. A pipeline connection to Indiga would 
be less costly than Murmansk. But overall, Indiga would be 
the more expensive option because of severe ice conditions. 
If Transneft insists on Indiga, private players like Lukoil will 
develop their own transportation solutions for growing out-
put from the Timan-Pechora basin. The Russian Federation 
should be prepared to lose future tax revenue and live with-
out maximum economic growth if energy policy continues to 
serve political goals instead of commercial rationale.
Literature
Arctic and Antarctic Research Institute (AARI). Department 
of Satellite, Ice and Hydrological Information. 38 Bering Street, St. 
Petersburg, Russia 199397. http://www.aari.nw.ru
The Arctic Ocean and Climate Change: a scenario for the US 
Navy. United States Arctic Research Commission. Arlington, VA. 
http://www.natice.noaa.gov/icefree/NavyArcticPanel.pdf
Finnish Institute of Marine Research. Helsinki, Finland. http:
//www.fimr.fi
Gribanov, Ivan and Somov, Viktor. “Do not utter the word 
‘Murmansk’. Semyon Vainshtok explained why the Murmansk 
project is not viable” (Слово “Мурманск” не говорить. Семен 
Вайншток объяснил, почему Мурманский проект не имеет 
перспектив) RusEnergy, April 22, 2004.
http://www.rusenergy.com/export/a22042004.htm
Ikavalko, Johanna. Report on oil spill effects. An experimental 
study of the effects of crude oil, and application of Inipol EAP 
22 and fish food on the sea ice biota and hydrocarbon content 
in Svalbard in February-April 2004. Arctic Operational Platform 
(ARCOP), Finnish Institute of Marine Research. December 2004. 
http://www.arcop.fi/reports/D4233.pdf
Kovalenko, Konstantin and Webb, John. Russia’s New Subsoil 
Licensign Rules: Closing the Door on Foreign Investment in Future 
Big-Ticket Oil Projects? Cambridge Energy Research Associates 
(CERA Insight), March 23, 2005.




“Major Russian oil and natural gas pipeline projects” 
Country Analysis Briefs (Baltic Sea Region and Russia). Energy 
Information Agency, United States Department of Energy. http:
//www.eia.doe.gov/emeu/cabs
National Aeronautics and Space Administration (NASA). 
Visible Earth, a Catalogue of Images and Animations of Our Home 
Planet. http://visibleearth.nasa.gov
Sapozhnikov, Petr. “Ministry of Natural Resources starts 
canceling auctions for fields” (Минприроды начало отменять 
аукционы на месторождения) Kommersant (business daily) Feb. 
16, 2005.
Sagers, Matthew J. and Jackson, Peter M. Russian Oil 
Production Outlook: Can the Recent Rapid Rise be Sustained, and 
For How Long? Cambridge Research Energy Associates (CERA 
Private Report), February 2005.
Skorobogatko, Denis. “Resources Ministry continues its sale” 
(Минприроды продолжает распродажу). Kommersant (business 
daily) March 9, 2005.
Webb, John. Transneft’s Baltic Gamble: Key Signpost of the 
Statist Shift in Russian Oil Policy. Cambridge Energy Research 
Associates (CERA Decision Brief), Cambridge, MA. February 
2004.
Webb, John. The New Baltic Crude Export Game: What 
Role Will Ventspils Play? Cambridge Energy Research Associates 
(CERA Insight), Cambridge, MA. April 2003.
Webb, John. Choking the Boom? The Looming Shortage of 
Russian Crude Export Capacity. Cambridge Energy Research 
Associates (CERA Decision Brief), Cambridge, MA. May 2003.
Webb, John. Russian Crude Exporters Reduce Rail Shipments 
As Costs Soar. Cambridge Energy Research Associates (CERA 
Alert), Cambridge, MA. October 2004.
Webb, John and Kovalenko, Konstantin. Russia’s Next Oil and 
Gas Frontier? Projects in Arctic Northwest Claim Growing Share of 
Company Budgets. Cambridge Energy Research Associates (CERA 
Decision Brief), Cambridge, MA. January 2005.
The Barents Sea (continued from page 9)
